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ABSTRACT
Effect of Schematic Congruence on Mnemonic Discrimination
in the Hippocampal Subregions
Ariana M. Hedges-Muncy
Department of Psychology, BYU
Doctor of Philosophy
Two experiments are presented in this dissertation to investigate the effect a schema may have
on mnemonic discrimination. We developed stimuli composed of a foreground item on a
background that was either schematically congruent or incongruent. For the encoding phase of
both experiments, these stimuli were presented to 98 participants, who were tasked with
determining the congruency of each foreground-background pair. Next, the two experiments
diverged for the retrieval phase, where participants were presented with either the same object as
before (Target) or one that was similar (Lure). Forty-six participants in Experiment 1 saw stimuli
with the same background as initially presented during the retrieval phase. For Experiment 2,
fifty-two participants saw the foreground item presented only on a white background. Data for
behavioral, eye tracking, and whole-brain, high-resolution fMRI were acquired for both
experiments and both phases of the task. We found memory discriminability (d-prime) scores
were larger for incongruent stimuli when target-lure pairs were less similar and only when the
background was present during retrieval. Critically, we found evidence of recognition in the
hippocampal subregions as opposed to lure detection. These findings support the notion of a
congruency benefit due to the “generate-and-recognize” model and an incongruency benefit due
to increased initial attention.
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Effect of Schematic Congruence on Mnemonic Discrimination
in the Hippocampal Subregions
Episodic memory is a subset of declarative memory, encompassing the encoding and
retrieval of personal events (Baddeley et al., 2009). As conglomerations of events, episodic
memories are composed of information about what or who (the item) was encountered and the
surrounding environment, time, and situation (the context). For example, a memory of the beach
might include both the bonfire (the item) and the beach at night (the context). The item and
context of a memory, however, do not have to be specific to any one event: seeing a bonfire on
the beach might remind someone of the bonfires at a neighborhood party, or seeing a beach
might remind someone of an uncomfortable encounter with a Portuguese man-of-war.
Sometimes, it is necessary or important to distinguish between similar items regardless of the
context, such as deciding whether it is safe to swim at a new beach which also has jelly fish.
Humans are capable of distinguishing between and generalizing across similar events
even when the similarity varies across the item, context, or both, with recent research suggesting
neural mechanisms for this capacity (Dimsdale-Zucker et al., 2018; Libby et al., 2019; Pilly et
al., 2018). In particular, the medial temporal lobe has a central role in both the encoding and
retrieving of episodic memories, where the hippocampus is central to maintaining distinct
representations of nearly identical information (Squire et al., 2004). Within the hippocampus lies
the trisynaptic loop, which operates as a neural computational structure that orthogonalizes
highly similar information into non-interfering and distinct neural codes. This orthogonalization
helps to increase the probability of accurate retrieval when the memory content, whether item or
context, is susceptible from significant interference due to the highly similar information (Bakker
et al., 2008; Holden et al., 2012; Hunsaker & Kesner, 2013; Yassa & Stark, 2011). This process
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of separating potentially overlapping representation of information is termed “pattern separation”
(Marr, 1969; Rolls & Treves, 1998).
Though research on pattern separation has been conducted in rodents, memory paradigms
that tax pattern separation processes have been developed to work with human subjects (Kirwan
& Stark, 2007; Stark et al., 2019). Studies using such paradigms have demonstrated the
hippocampal subfield CA3 and the dentate gyrus (DG) were differentially involved with
behavioral outcomes dependent on pattern separation processes, corresponding to previous
animal literature (Gilbert et al., 2001; Hunsaker & Kesner, 2013; Lee et al., 2004; Leutgeb &
Leutgeb, 2007). That said, the human behavioral correlates of pattern separation, termed
“mnemonic discrimination”, are not an identical homologue of cellular pattern separation
processes, but are also dependent on executive processes such as attention, goal orientation, and
top-down regulation (Cabeza, 2013; Geib et al., 2017; Guzowski et al., 2004; Pilly et al., 2018;
Preston & Eichenbaum, 2013).
A traditional mnemonic similarity paradigm used to study pattern separation generally
involves training participants on images of everyday objects and then later tasking them with
identifying repeated images (Targets) and similar images to one previous seen (Lure) (Bakker et
al., 2008; Kirwan & Stark, 2007; Stark et al., 2019). The correct identification of old and similar
images is termed “Hit” and “Lure Correct Rejection (LureCR)”, respectively, while the failure to
correctly identify these is termed “Miss” and “Lure False Alarm (LureFA)”. Theoretically, the
correct rejection of a lure stimulus relies on pattern separation as well on sufficient encoding and
retrieval. That is, a correct rejection of a lure is a combination of pattern separation as well as
encoding an appropriate and relevant amount of detail. On the other hand, a false alarm to a lure
stimulus may be the combination of interference (i.e., a failure to pattern separate) as well as
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poorly encoding the germane details (Kirwan & Stark, 2007). Using such a design (now called
the Mnemonic Similarity Task or MST), Kirwan and Stark (2007) observed differential
activation in the hippocampus and parahippocampal cortex, suggesting a division of mnemonic
processes. The hippocampus had patterns of activity differentiating hits, lure false alarms, and
lure correct rejections, thereby demonstrating hippocampal activity was correlated with
behavioral performance and trial types.
In addition to testing memory specific for items, these mnemonic discrimination studies
have been expanded to include contextual information. However, research into contextual
mnemonic discrimination focuses on either associative memory between the item and context or
memory of the contextual information alone (Bar et al., 2008; Hannula et al., 2013; Heikkilä et
al., 2015; Huffman & Stark, 2017; Libby et al., 2019; Naghavi et al., 2011). Little research has
been conducted on the influence of context on the item discrimination within the hippocampus
nor on the role of context in terms of prior knowledge or schemas. Indeed, while prior research
has investigated the influence of context and prior schemas on encoding and retrieval, the
contributions of hippocampal subfields have not been described nor in the context of pattern
separation (Liang et al., 2013; Libby et al., 2019). Instead, the extant research on the influence of
schematic context on memory has focused on recognition memory and has led to two main
conclusions: there exist both a familiarity effect and a novelty effect (Atienza et al., 2011; Greve
et al., 2019; Naghavi et al., 2011; Staresina & Davachi, 2009; van Kesteren et al., 2012).
Research on the role of prior knowledge and item encoding has suggested that itemcontext congruency leads to more rapid and accurate encoding. Specifically, some researchers
have found prior knowledge and familiarity seem to facilitate memory for information learned
within that schema, i.e., a familiarity effect (Hintzman, 1976; Tse et al., 2007; van Kesteren et
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al., 2012). Schemas can provide structure aiding in the encoding of information, allowing the
object to be processed more quickly and correctly as seen by reaction times and response
accuracy (Atienza et al., 2011; Auckland et al., 2007; Heikkilä et al., 2017; Naghavi et al., 2011;
Staresina & Davachi, 2009; van Kesteren et al., 2010). Relatedly, the rate of integration into a
prior schema may be a reason for the familiarity effect on memory (Bar et al., 2008; Frithsen &
Miller, 2014; Heikkilä et al., 2015, 2017; Kafkas & Montaldi, 2014; Laurienti et al., 2004;
Packard et al., 2017). Essentially, congruence speeds up the consolidation of new information
into episodic memory, leading to more efficient and effective encoding (Antony et al., 2017;
Dudai et al., 2015; Tse et al., 2011; Xie et al., 2017).
There is also a positive effect of congruence of schema at retrieval. Just as a prior schema
can provide a structure to enhance the integration of new information at encoding, the same may
occur during retrieval, where a schema may allow for a more organized retrieval, particularly for
details important to the schema (Sweegers et al., 2015). Additionally, prior knowledge helps one
to “generate-and-recognize”, a strategy used to generate likely scenarios or objects within a
given situation to aid in item retrieval (Lew & Howe, 2017; van Kesteren et al., 2013; Watkins &
Gardiner, 1979). For example, if you were to study a saucepan in the setting of a kitchen, being
asked to recall the item (a saucepan) can be facilitated by your prior knowledge of a kitchen; you
could theoretically generate likely objects found in a kitchen until you arrive at the saucepan.
Given the congruence of an item with the context can also influence identification and
attention, there may be better retrieval as attention focuses the processing of important visual
information (Auckland et al., 2007; Bornstein et al., 2011; Frank et al., 2018; Heikkilä et al.,
2017; Mudrik et al., 2010). A schema can be detrimental, however, when item or context details
are not congruent with the overall schema. During retrieval, the schematic or semantic
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representations of the context may influence the retrieval or representation of a schemaconsistent item, potentially biasing memory performance towards generalization instead of
mnemonic discrimination (Graham et al., 2000). That is, information not relevant to the schema
is not remembered as well, and also schemas can bias memory retrieval or reconstructions
(Sweegers et al., 2015).
In possible opposition to the schema-driven familiarity effect, there also exists a novelty
effect where new or unexpected items are remembered better (Greve et al., 2019; Tulving &
Kroll, 1995). This incongruent effect may be due to attention at encoding or the distinctiveness at
retrieval, depending on the task (Schmidt & Schmidt, 2017). A study by Greve et al. (2019)
found that once the “generate-and-recognize” strategy was removed, there was an incongruency
boost. That is, the congruency effect is only aided by “generate-and-recognize”, not actually
improving encoding. Further, something inconsistent or unexpected often draws attention,
increasing encoding on all details of the item thereby improving both retrieval and potentially
mnemonic discrimination.
Investigation into the potential conflict between schema-congruent and incongruent
effects (familiarity versus novelty) suggests that experimental conditions drive these effects.
Indeed, Greve et al. (2019) found an incongruency advantage at encoding while also detecting a
congruency advantage at both encoding and retrieval, as the congruent information was more
likely to be reactivated after the initial encoding phase thereby allowing for a longer
consolidation period. We note, however, that while the work of Greve et al. (2019) was well
constructed, they did not control for attention and only tested artificial learning rules as opposed
to using a participant’s existing, real world schemas.
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This seemingly paradoxical familiarity versus novelty effect on memory performance
may also be mediated by different brain processes. Information congruent with a prior learning
rule or schema is consolidated in the medial prefrontal cortex in both rodent and human
neuroimaging studies (Bein et al., 2015; Brod et al., 2015; Preston & Eichenbaum, 2013; Tse et
al., 2007, 2011; van Kesteren et al., 2013). If the stimulus can be integrated into a prior schema,
there is increased activation in the medial prefrontal cortex with decreased activation in the
hippocampus (Liu et al., 2017; Naghavi et al., 2011; Rémy et al., 2014; Tse et al., 2011; van
Kesteren et al., 2012).
Conversely, incongruent items are associated with a higher activation in the hippocampus
as well as the perirhinal and parahippocampal cortices, indicating a differential pattern of neural
activation for incongruency. A theory called the schema-linked interactions between medial
prefrontal and medial temporal regions (SLIMM) combines the neuroscience and behavioral
aspects of schemas, proposing a time dependent shift of new information from the hippocampus
to the neocortex all depending on the congruency of the new information with existing schemas
(Greve et al., 2019; van Kesteren et al., 2012). While the SLIMM theory has been researched in
functional MRI studies, the focus has been on the hippocampus as a whole, not on the
hippocampal subregions where there is support for differential memory processes such as
mnemonic discrimination.
As previous item-context work has focused largely on associative memory and not on the
impact of context congruency for mnemonic item discrimination, more research is needed to
understand the effect of contextual semantic congruence on the encoding and retrieval of highly
similar items, particularly focusing on the contributions of subregions of the hippocampus. To
address this question, we have developed a modified version of the Mnemonic Similarity Task
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(MST) in which we have incorporated congruent and incongruent semantic contextual
information. The paradigm was administered while collecting simultaneous eye tracking and
functional MRI during both encoding and retrieval. Eye tracking was used to determine attention
of the participant as we know congruency can influence eye fixations (Bornstein et al., 2011;
Frank et al., 2018; LaPointe et al., 2013; Truman & Mudrik, 2018). We investigated how
contextual congruency influences the ability of a participant to discriminate and recognize
similar items and how congruency affects processing in different subregions of the hippocampus
during encoding and retrieval. Using personal schemas and testing for the memory of items only,
we tested the following behavioral, eye-tracking, and function neuroimaging hypotheses.
For the behavioral aspect of the paradigm:
Hypothesis 1.1: Because schema incongruency seems to boost memory for fine details,
we expect to see higher d (a measure of discrimination) for incongruent stimuli than for
congruent (Greve et al., 2019; Sweegers et al., 2015).
Hypothesis 1.2: However, we expect to see higher d scores for congruent stimuli as
opposed to incongruent stimuli when controlling for the average number of eye fixations on the
stimuli as a whole at study for congruent and incongruent trials (as a proxy for attention during
encoding).
Hypothesis 1.3: If congruent backgrounds allow participants to recognize items through
the “generate-and-recognize” strategy, then removing the background at test should lead to lower
recognition memory performance. In other words, we expect to see higher d scores in test
conditions with a background than in conditions without a background for congruent stimuli.
Hypothesis 1.4: Similarly, we expect to see an interaction of background condition and
congruency, where the test condition with a background should have higher d scores for

8
congruent stimuli than for incongruent stimuli, while the test condition without a background
during retrieval should have higher d scores for incongruent stimuli.
For the eye-tracking data,
Hypothesis 2.1: Incongruent stimuli will have a higher average number of fixations on
the foreground area of interest during encoding trials as compared to the foreground on
congruent stimuli (Bornstein et al., 2011; Frank et al., 2018).
Hypothesis 2.2: Additionally, during the study period, congruent stimuli will be treated
more as a complete item with equal fixations on the background and the foreground areas of
interest when compared to incongruent stimuli.
For the functional MRI aspect of the study,
Hypothesis 3.1: We expect to see more activation in both the DG/CA3 and CA1 region
for incongruent trials compared to congruent trials during encoding (Danckert et al., 2007;
Kirchhoff et al., 2000; Poppenk et al., 2008).
Hypothesis 3.2: There will be less activation in the hippocampal subregions during
encoding preceding a hit or lure correct rejection.
Hypothesis 3.3: The CA1 will have more activation during retrieval for congruent
stimuli compared to incongruent stimuli. Conversely, the DG/CA3 will have more activation
during retrieval for incongruent stimuli compared to congruent stimuli (Dimsdale-Zucker et al.,
2018).
Hypothesis 3.4: For correctly identified congruent trials (including both hits and correct
rejections), there will be greater activation in the DG/CA3 region as compared to activation in
the CA1 subfield.
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Hypothesis 3.5: During retrieval and collapsing across all stimuli, the stimuli tested with
a background will elicit a larger BOLD activation in the right hippocampal subregions compared
to stimuli tested without a background (Libby et al., 2019).
Hypothesis 3.6: There will be more activation in bilateral hippocampi for congruent
correct rejections when tested with a background compared to testing without a background
(Libby et al., 2019).
Method
Power Analysis
To ensure appropriately powered studies, we conducted a power analysis in G*Power
(v3.1; University of Düsseldorf, http://www.gpower.hhu.de) using data and effect sizes based on
a behavioral pilot study. As congruency is the main outcome, we performed a two-group, four
measurement, within-between repeated measures ANOVA power analysis with 𝜂2 =0.01 and a
correlation of 0.7 between the repeated measures. To achieve 80% power, we needed a sample
size of 84 participants to detect an effect of congruency at a 0.05 alpha level. To account for
unusable data and participant attrition, we added about 10% extra participants.
Participant
We recruited 98 healthy, young adult participants from Brigham Young University and
the surrounding community. All participants were compensated for their participation with either
payment or SONA credits, and all participants gave written, informed consent. The study was
approved by the Brigham Young Institutional Review Board.
Forty-six of these participants (21 females, age=20.91 1.84) were recruited for
Experiment 1 and the other 52 (34 females, age=21.75 2.97) were recruited for Experiment 2.
Inclusion criteria consisted of living in the local community, being a young adult of consenting
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age, and capable of safely and comfortably participating in the MRI portion of the experiment.
Exclusion criteria for both experiments included left-handedness, not speaking English as a first
language, and having a history of head injury or physiological, psychological, or neurological
disorders. One participant in Experiment 2 was excluded for not meeting inclusion criteria, and
another two failed to complete the task in experiment 2. Ten participants (5 from Experiment 1)
were excluded due to scanner failure. Another 10 were excluded from the fMRI analysis due to
excessive head movement (5 from Experiment 1). Finally, 4 participants were excluded for
failing to respond at least 80% of the time in either study or test. There was more attrition for the
eye tracking data due to movement, failed calibration, and researcher error. See Table 1 for final
sample sizes for each portion of Experiments 1 and 2.
Table 1
Participants for Experiments 1 and 2
Experiment 1

Experiment 2

Total Scanned

46

52

Study Exclusion Criteria

0

1

Failed to Complete

0

2

Scanner Error

5

5

Movement Outliers

5

5

More than 20% NRs

3

1

Final MRI

33

38

Final Eye-Tracking

22

23

Final Behavioral Data

40

43

Note. NR = non-response
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Mnemonic Discrimination Task
Stimuli for the task were composed of an item (foreground) and a context (background).
The foreground images were derived from the Mnemonic Similarity Task v0.94 repository of
images, and each item image was paired with a perceptually and semantically similar item (Stark
et al., 2019). All item images had previously been rated for similarity. The background images
were selected from high quality, non-copyrighted images online. To create the final stimuli, we
superimposed the everyday objects on a background scene (Figure 1). The background was
either semantically congruent with the object (e.g., a rubber duck in a bathtub) or semantically
incongruent with the object (e.g., a shopping cart in a forest). The foreground object was placed
in the middle of the background to remove spatial dependencies which can influence attention
and eye movement (LaPointe et al., 2013; Mudrik et al., 2010; Truman & Mudrik, 2018). For
presentation, the background was set at 80% opacity while the foreground image was
superimposed in the center at 100% opacity. All background stimuli had dimensions of 800 
600 pixels and the foreground object had dimensions of 400  400 pixels. Additionally, we
computed the visual clutter of each stimulus to guarantee there was no confound between
congruent and incongruent stimuli (Rosenholtz et al., 2007).
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Figure 1
Stimuli Examples Presented During Encoding for Experiments 1 and 2

During the study phase, participants viewed composite images of an item and a background. The
item was either congruent with the background (left) or incongruent with the background (right).
Participants were instructed to indicate whether they thought the foreground image was likely or
unlikely to be found in the background.
The fMRI paradigm was similar to the standard MST paradigm where each participant
underwent a mnemonic discrimination task with an encoding (study) phase and a retrieval (test)
phase to evaluate memory specificity performance while in the MRI scanner (e.g., Kirwan &
Stark, 2007). We also tracked the eye movements of the participants for both study and test
phases. During the study phase of both Experiments 1 and 2, we showed the participant three
blocks of 90 stimuli each, with the stimuli randomized for each participant. For each block there
were 10 jittered, baseline stimuli as well as 80 item/context composite stimuli. The baseline
stimulus had black and white pixels randomly distributed as the background (800  600 pixels)
with another, smaller block (400  400 pixels) of randomly distributed gray pixels (Figure 2).
Figure 2
Encoding Baseline Stimulus for Experiments 1 and 2
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During the study phase, the participants viewed 10 jittered baseline stimuli during each block
and were instructed to press either “1” or “2” to indicate likely or unlikely.
Each study trial was composed of the image being presented for 2500 ms, followed by a
designated answering period of 1000 ms, and ending with a fixation cross presented during the
500 ms inter-stimulus interval. During each answering period following a stimulus, the
participants were instructed to indicate whether the image in the foreground was typically found
in the background by pressing either the index (“1”) or middle (“2”) finger, respectively, on the
MRI-compatible button box. This question was used to assess participant-specific congruency
ratings as perceived congruency varies widely across subjects (Brod et al., 2015). Furthermore,
subjective congruent ratings ensured participants attended to the stimuli during the study phase.
For the test phase of the memory task, participants were shown three blocks of 90
images. Once again, there were 10 baseline stimuli and 80 colored stimuli in each block in
random order. The stimuli used differed between Experiment 1 and 2 in that Experiment 1 test
stimuli consisted of both the item and the background while Experiment 2 test stimuli consisted
of only the foreground item presented on a white background. For the 80 stimuli in Experiment
1, the object in the foreground was either a repeat from the study phase (Target) or a visually and
conceptually similar image (Lure; see Figure 3). Each block of the test phase consisted of 40
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Targets and 40 Lures. All stimuli were presented for 2000 ms with a 1500 ms answering period,
followed by a 500 ms inter-stimulus fixation cross. Participants were instructed to ignore the
backgrounds of the stimuli and indicate whether the object (not the background) was old (i.e.,
exactly the same as an item previously studied) or similar (i.e., slightly different than an item
previously studied) by once again pressing the button box with index finger (“1”) for “old” and
middle finger (“2”) for “similar”.
Figure 3
Lure Pair Example Seen During Retrieval for Experiment 1

The left image is an example of a stimulus shown during the study phase with the right image
representing its corresponding lure pair presented during the test phase. Participants were
instructed to indicate if the foreground item had been presented in the study phase (“1”) or if the
item was similar (“2”).
For Experiment 2, the stimuli during the test consisted only of the foreground object (the
item). This was done in order to investigate how the background of the stimuli actually
influences test responses. By removing the extra information of the background during the
testing phase, we reasoned that we also removed relevant information for associative memory in
order to more specifically target mnemonic discrimination processed for the item. For the testing
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portion of this task, participants were shown three blocks of 90 images with the same proportion
as Experiment 1. That is, there were 10 baseline stimuli (with the baseline now consisting of only
400  400 pixels of randomly distributed gray pixels) and 80 stimuli with only the foreground
item shown (Figure 4). Of those 80 stimuli, 40 were Targets and 40 were Lures. Once again, all
stimuli were presented for 2000 ms with an answering period of 1500 ms, followed by a 500 ms
inter-stimulus fixation cross. Participants received the same set of video instructions for the study
portion of Experiment 1. For the test portion of Experiment 2, participants were presented with a
similar set of instructions as Experiment 1 test instructions where the only difference were the
example stimuli shown.
Figure 4
Lure Pair Example Seen During Retrieval for Experiment 2

The left is an example image for the study phase with the right image as an example of the test
stimulus. Participants were instructed to indicate if the foreground image had been previously
viewed or if the image was similar to one previously viewed.
Video instructions for the study phase was presented outside the scanner, followed by a
brief practice round of ten images. The test phase instructions were presented in the scanner. The
instructions had examples and directed participants to pay attention to the foreground in the
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images presented. Stimuli were presented through PsychoPy version 1.85 (Peirce et al., 2019)
with eye-tracking data collected via an MRI-compatible SR Research EyeLink 1000 Plus tracker.
Statistical Analysis of Behavioral Data
In order to assess whether background during test or background-object congruency had
an effect on behavioral performance, we used a repeated-measures ANOVA on the d-prime (d)
scores with congruency as the within-subject variable and experiment type as the betweensubject variable. The d scores serve as a measure of each participant’s sensitivity to the stimuli,
and was calculated as:
𝑑′ = 𝑍(𝐻𝑖𝑡 𝑟𝑎𝑡𝑒) − 𝑍(𝐿𝑢𝑟𝑒𝐹𝐴 𝑟𝑎𝑡𝑒)
For all significant omnibus tests, we performed post-hoc t-tests.
To investigate the effect of attention on memory performance, we then used a binomial
generalized additive model (GAM) separately on targets and lures with the encoding fixations,
experimental group, congruency, and similarity (for lures) as the independent variables and
whether or not the image was correctly identified as the dependent variable. Subject and image
visual clutter were controlled for as random effects. Briefly, a GAM is a regression method
capable of investigating non-linear interactions between factors while properly accounting for a
non-Gaussian distribution of data. The GAM was performed in R using the package mgcv and
itsadug.
MRI Acquisition
Functional and structural images were acquired on a Siemens TIM Trio 3T MRI scanner
utilizing the 32-channel head coil. We acquired a standard-resolution structural images via a T1weighted magnetization-prepared rapid acquisition with gradient echo (MP-RAGE) sequence
with the following parameters: TR = 1900 ms, TE = 2.26 ms, flip angle = 9°, FoV = 218 × 250,
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voxel size = 0.97 × 0.97 × 1 mm, slices = 176 interleaved. We also obtained high-resolution
multi-band echo-planar images with a T2*-weighted pulse sequence with the following
parameters: multi-band factor = 4, TR = 2200 ms, TE = 45.2 ms, flip angle = 90°, FoV = 180 ×
180 mm, voxel size = 1.8 mm3, slices = 72 interleaved. This sequence was aligned parallel to the
long axis of the hippocampus prior to acquisition. Additionally, a high-resolution T2-weighted
scan was used to image the hippocampal subfields: TR = 8020 ms, TE = 30 ms, Flip Angle =
150°, FoV = 150  150 mm, voxel size = 0.42  0.42  2 mm, slices = 30 interleaved. The T2weighted data were acquired perpendicular to the long axis of the hippocampus.
MRI Data Pre-Processing
Both the structural and functional MRI data were pre-processed with the following
software: dcm2niix (Li et al., 2016), Analysis of Functional NeuroImages (AFNI; Cox, 1996),
convert 3D (c3d; Yushkevich et al., 2006) and Automatic Segmentation of Hippocampal
Subfields (ASHS; Yushkevich et al., 2015). To begin processing, we converted the T2*weighted DICOMS into NIfTI files. Due to the large field distortion near and in the orbitalfrontal region, we sampled local field distortion utilizing the same EPI protocol but using the
opposite phase-encoding direction. Information from the reverse blip scans was used to recover
some signal from the regions with the highest amount of signal distortion by first finding the
voxel-wise median from the concatenated blip scans and the concatenated phase scans. We then
calculated the nonlinear transform between the median blip and the median experimental scans.
Using the warp vectors produced from the transformation, we transformed the experimental
scans to recover the signal.
Once the T1- and T2-weighted files were converted into NIfTI files, we used the nativespace T1w and T2w files to segment hippocampal subregions via ASHS referencing the UPenn
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atlas (Yushkevich et al., 2015). We then used the hippocampal subregion masks from each
participant to construct template priors via Joint Label Fusion (Wang et al., 2013), and studyspecific masks for the CA1 and the combined CA2-CA3-DG regions were constructed and
resampled into functional dimensions. Voxels associated with overlapping subregions were
excluded to combat partial-voluming effects when down-sampling.
The next step in processing was to find the minimum voxel outliers in all the
experimental volumes to use as the volume registration base. We then moved all data into the
MNI 152 template space by first aligning the structural scan to the registration base (using a local
Pearson correlation cost function with a stabilizing optimization step), then nonlinearly warping
the structural scan to template space, and performing a rigid transformation of all volumes into
the registration base. Finally, the volume registrations were all concatenated and applied to the
functional data, moving the functional data from native space to template via one interpolation.
A binary mask was created to exclude regions with missing signal, and data included were scaled
by the mean signal.
MRI Data Analysis
Single-subject regression used a generalized-least-squares time series fit with a residual
maximum likelihood estimation of the auto-correlation structure. The REML estimation allows
for temporal correlation in the noise to determine the best fitting autoregressive-moving-average
model. We included several nuisance parameters, including centered motion for the six degrees
of freedom and the time series corresponding to an eroded white matter mask. We excluded any
volumes with more than 10% of voxels being an outlier and any volumes preceding and involved
in a motion event (> 0.3° rotation or 0.3 mm translation).
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We conducted eight single-subject regressions. The first set of regression involved the
encoding phase, where we modeled the BOLD responses to the stimuli permuted with similarity
and congruency that later corresponded to specific behaviors. In particular, we investigated the
participant-rated congruent and incongruent stimuli that later resulted in correct and incorrect
responses to Targets and to Lures (Hits, Misses, LureCR, and LureFA). Only the time between
stimuli onset on screen and the participant response time was modeled. The second set of singlesubject regressions involved modeling the BOLD response during the test trials for all behaviors
and all behaviors by congruency and experiment type. We excluded participants who had more
than 10% of their total volumes censored from all group-level analyses, as this is indicative of
excessive motion.
The resulting behavioral parameter estimates (-values) from the above deconvolutions
were extracted from the regions of interest (ROI) for a priori analyses of the DG/CA3, CA1, and
subiculum in the right and left hemispheres, separately. To investigate the roles of these ROIs in
the modeled behaviors, we used a repeated measures ANOVA with Experiment 1 and 2 as the
between-subjects variable and congruency, similarity, and behavioral response as the withinsubjects variables.
Eye Tracking Acquisition
Eye tracking data were acquired with an MRI-compatible SR Research EyeLink 1000
Plus long-range eye tracker with a spatial resolution of 0.01 degrees and a sampling rate of a
thousand hertz. Only the right eye data were recorded. Prior to the six functional blocks, we ran a
nine-point calibration to map the right eye position to the stimuli screen coordinates. All
calibrations had an average error of less than 0.49 degrees with a maximum error point of less
than 0.99 degrees.
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Eye Tracking Processing
All eye tracking data were processed through the SR Research Data Viewer software.
Saccades were defined as eye movements of at least 0.1 degree with a velocity at least 30
degrees per second and an acceleration greater than 8000 degrees per second. Following previous
protocols, saccades and fixations were removed if outside maximum stimulus bounds (17.5 x
17.5-degree visual angle) or if they immediately follow an eye blink. Further, fixations less than
50 ms or greater than 1500 ms were discarded (Molitor et al., 2014).
Eye Tracking Analysis
We used a paired t-test to compare the number of fixations for incongruent and congruent
stimuli in the study phase for both Experiment 1 and 2. To investigate the difference of fixations
for background and foreground, we used a repeated measures ANOVA with congruency and
phase as within factors.
Result
Behavioral Analysis
Analyses of behavioral performance in Experiments 1 and 2 showed participants
correctly identified 72% of targets and 55% of lures. This resulted in a mean d of 0.870 overall,
and a mean of 0.94 and 0.81 for Experiments 1 and 2, respectively. All proportion permutations
of responses by experiment type can be found in Table 2.
Table 2
Behavioral Descriptive Statistics by Trial Type for Both Experiments 1 and 2
Trial Type

First Presentation

Response Type

Congruent

Experiment 1

Experiment 2

Mean

SD

Mean

SD

.47

.03

.47

.04
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Incongruent

.51

.02

.50

.03

Old

.76

.08

.67

.09

Similar

.22

.08

.30

.09

Old

.43

.10

.37

.10

Similar

.55

.11

.60

.11

Old

.76

.10

.66

.10

Similar

.22

.09

.32

.09

Old

.76

.09

.69

.11

Similar

.22

.08

.29

.09

Old

.44

.12

.37

.11

Similar

.54

.13

.61

.13

Old

.42

.11

.38

.11

Similar

.57

.11

.59

.12

Target

Lure

Congruent Target

Incongruent Target

Congruent Lure

Incongruent Lure
Note. SD=standard deviation
We hypothesized background congruency would significantly impact memory
performance for mnemonic discrimination of objects. Specifically, we hypothesized incongruent
stimuli would lead to larger d scores than congruent stimuli (Hypothesis 1.1) but hypothesized
this would reverse when controlling for attention via eye fixations (Hypothesis 1.2). Within
congruent stimuli, we hypothesized having a background during retrieval would result in better
performance than a blank background (Hypothesis 1.3). Finally for the behavioral data, we also
hypothesized a background-congruency interaction, where background-congruent conditions
should have better performance than background-incongruent, but that no background would
result in better d scores than background-incongruent (Hypothesis 1.4).
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To these ends, we performed a repeated-measures ANOVA to investigate the effects and
interactions of experiment, congruency, and similarity on d scores. For participant-specific
congruency, there is a main effect of similarity and a three-way interaction of the experiment,
congruency, and similarity on d scores (see Table 3).
Table 3
D ANOVA Statistics
Dfn

Dfd

F

p

𝜂𝐺2

Experiment

1

81

2.10

.1509

.0146

Congruent

1

81

2.37

.1275

.0058

Similarity

1

81

513.48

<.0001

.4644

Experiment by Congruent

1

81

0.60

.4427

.0015

Experiment by Similarity

1

81

<0.01

.9686

<.0001

Congruent by Similarity

1

81

3.20

.0773

.0037

Exp by Congruency by Similarity

1

81

4.58

.0353

.0054

Effect

Results from a repeated-measures ANOVA on d scores. We see a main effect of similarity and a
three-way interaction of experiment type, congruency, and similarity.
Note. Bolded p value indicates p<.05.
Highly similar lure pairs had a lower d score than less similar pairs. For the three-way
interaction, we found significant differences between congruent and incongruent low similarity
pairs only for Experiment 1 (see Table 4). Here, low similarity and congruent d scores were
lower than low similarity and incongruent d scores. All other post hoc comparisons were not
significant. See Table 4 and Figure 5. In short, Hypothesis 1.1 was only partially supported:
incongruent stimuli had better discrimination than congruent pairs in experiment 1 only but only
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for low-similarity pairs (Figure 5). Hypotheses 1.3 and 1.4 were not supported, as there was not a
significant interaction between experiments on d scores.
Table 4
D Interaction Post-Hoc Statistics
Comparison
Exp 1

Exp 2

Exp 1

Exp 2

Congruent

Incongruent

t

df

p

Congruent

High vs Low Similarity

-11.35

39

<.0001

Incongruent

High vs Low Similarity

-16.61

39

<.0001

Congruent

High vs Low Similarity

-10.45

42

<.0001

Incongruent

High vs Low Similarity

-12.56

42

<.0001

High Similarity

Congruent vs Incongruent

0.24

39

.8096

Low Similarity

Congruent vs Incongruent

-2.72

39

.0097

High Similarity

Congruent vs Incongruent

-0.67

42

.5084

Low Similarity

Congruent vs Incongruent

-0.29

42

.7711

High Similarity

Exp 1 vs Exp 2

1.66

79.65

.1017

Low Similarity

Exp 1 vs Exp 2

0.10

79.61

.9204

High Similarity

Exp 1 vs Exp 2

0.92

73.44

.3587

Low Similarity

Exp 1 vs Exp 2

1.76

79.93

.0827

Post-hoc analyses on the three-way interaction of experiment, congruency, and similarity. We
see high similarity lure pairs consistently have a lower d-prime score than lower similarity pairs.
Further, we see incongruent stimuli have a higher d-prime score than congruent only for low
similarity pairs in Experiment 1.
Note. Bolded values indicate p<.05.
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Figure 5
Bar Plot of D Interaction

A visual representation of the interaction of experiment, congruency, and similarity. Highly
similar pairs had significantly lower d scores than less similar pairs. Further, we found
incongruent stimuli had a larger d score compared to congruent stimuli, but only for the subset
of low similarity pairs in Experiment 1.
Note. Lines indicates p<.05.
Eye Tracking Analysis
A descriptive summary of both experiments’ fixation can be found in Table 5. There was
an average of 8-9 fixations for each stimulus, with a variance of about 2 fixations. For the
average number of eye fixations occurring during the encoding phase, we hypothesized an
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interaction would exist between congruency of item and context, number of eye fixations, and
memory performance. Specifically, we predicted incongruency between item and background
would result in increased fixations, relative to congruency, (Hypothesis 2.1) while the number of
fixations between the item and the background for congruent stimuli would be approximately
equal (Hypothesis 2.2).
Table 5
Average Fixation Count Descriptive Statistics for Experiments 1 and 2
Trial Type

Response Type

Experiment 1

Experiment 2

Mean

Mean

SD

SD

Congruent

8.76

1.68

9.20

1.44

Incongruent

9.07

1.57

9.24

1.59

Old

9.05

1.58

9.23

1.52

Similar

8.44

1.71

9.04

1.40

Old

8.99

1.62

9.15

1.61

Similar

8.85

1.63

9.22

1.51

Old

8.93

1.59

9.19

1.44

Similar

8.33

1.87

9.06

1.45

Old

9.17

1.62

9.30

1.62

Similar

8.59

1.89

9.08

1.49

Old

8.86

1.73

9.10

1.54

Similar

8.58

1.82

9.23

1.42

Old

9.13

1.58

9.22

1.71

Similar

9.09

1.56

9.25

1.67

First Presentation

Target

Lure

Congruent Target

Incongruent Target

Congruent Lure

Incongruent Lure
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Average fixation counts occurring during the encoding phase by trial type, congruency, and
subsequent test behaviors.
Note. SD=standard deviation
Encoding phase
For the encoding phase hypotheses, we performed a repeated-measures ANOVA on the
mean number of encoding fixations with congruency and, areas of interest (AOI, foreground
item or background) as the within-subject factors. All main effects were significant (see Table 6).
Table 6
Fixation Count ANOVA Statistics
Dfn

Dfd

F

p

𝜂𝐺2

Congruent

1

44

9.01

.0044

.0011

AOI

1

44

60.54

<.0001

.4698

Congruent by AOI

1

44

7.86

.0075

.0018

Effect

Results from a repeated-measures ANOVA on fixation count during the encoding phase. There
were significant main effects of congruency and areas of interest (item or background), as well as
an interaction of congruency and AOI.
Note. Bolded indicates p<.05.
Follow up analyses showed congruent stimuli had a smaller mean number of fixations
than incongruent stimuli during the encoding period (t(44)=-3.00; p=.0044). Further, the
foreground item overall had more fixations than the background which is indicative of
participants adhering to the instructions to pay attention to the foreground item (t(44)=10.85;
p<.0001; see Figure 6, left panel). For interaction of AOI and congruency, post-hoc analysis
showed incongruent stimuli had more fixations than congruent stimuli only in the foreground
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(Figure 6). Accordingly, we are able to accept Hypothesis 2.1, as incongruent trials had a greater
number of fixations on foreground objects than congruent. However, we must reject 2.2 as an
equal number of background and foreground fixations in congruent trials was not detected.
Table 7
Fixation Count Interaction Post-Hoc Statistics
Comparison

t

df

p

Congruent

Foreground vs Background

7.38

44

<.0001

Incongruent

Foreground vs Background

8.06

44

<.0001

Foreground

Congruent vs Incongruent

-3.72

44

.0006

Background

Congruent vs Incongruent

0.53

44

.5972

Post-hoc analyses for the congruent and area of interest interaction. We found the foreground
always had more fixations, while the foreground also showed more fixations for an incongruent
item than a congruent item.
Note. Bolded indicates p<.05.
Figure 6
Average Fixation Count During Encoding
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Left, the average fixation count occurring during encoding for congruency and AOI. Right,
subsequent behaviors. Items with an incongruent background attracted more fixations than those
with a congruent background. Overall, participants fixated on the foreground item; this is a good
indication of participants paid attention to the instructions. Right, average fixation count by
congruency and position. Here we see the foreground item always had more fixations than the
background still. Additionally, we see an incongruent foreground item had more fixations than a
congruent foreground item.
Note. Line indicates p<.05.
Retrieval phase
To investigate eye fixation in the retrieval phase, we performed a repeated-measures
ANOVA on the mean number of fixations during the test phase with experiment as the betweensubject factor and congruency, position (AOI), and behavior type as the within-subject factors.
There was a main of position, again with the foreground item having more fixations. See Table
8.
Table 8
Fixation Counts During Retrieval ANOVA Statistics
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Dfn

Dfd

F

p

𝜂𝐺2

Experiment

1

43

0.67

.4161

.0034

Congruency

1

43

0.36

.5515

.0001

AOI

1

43

129.28

<.0001

.6498

Behavior

3

129

2.09

.1048

.0011

Exp by Congruency

1

43

1.47

.2318

.0002

Exp by AOI

1

43

1.01

.3211

.0143

Exp by Behavior

3

129

0.86

.4612

.0005

Congruency by AOI

1

43

0.59

.4453

.0001

Congruency by Behavior

3

129

0.73

.5388

.0004

Position by Behavior

3

129

1.26

.2902

.0014

Exp by Congruency by AOI

1

43

0.76

.3891

.0002

Exp by Congruency by Behavior

3

129

0.79

.5027

.0004

Exp by Behavior by AOI

3

129

1.31

.2730

.0015

Congruency by AOI by Behavior

3

129

0.83

.4808

.0010

Exp by Congruency by AOI by Behavior

3

129

0.51

.6740

.0006

Effect

Summary of ANOVA on average fixation counts during the retrieval phase. There was only an
effect of area of interest, with the foreground item having more fixations.
Note. Bolded values are p<.05.
Further, to investigate the potential interaction with Lure similarity, we performed
another repeated-measures ANOVA on a subset of the data. As above, with experiment as the
between-subjects factor and AOI, congruency, behavior (only Lure Correct Rejections and Lure
False Alarms), and similarity as the within-subject factors, there was a significant main effect of
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position with the foreground object having more fixations (see Table 9). There was also an
interaction between experiment, similarity, and AOI.
Table 9
Lure Fixation Counts During Retrieval ANOVA Statistics
Dfn

Dfd

F

p

𝜂𝐺2

Experiment

1

42

0.90

.3470

.0038

Congruency

1

42

2.40

.1288

.0012

Similarity

1

42

0.07

.7906

<.0001

AOI

1

42

115.97

<.0001

.5907

Behavior

1

42

0.55

.4607

.0003

Exp by Congruent

1

42

0.00

.9868

<.0001

Exp by Similarity

1

42

0.01

.9346

<.0001

Exp by AOI

1

42

1.03

.3153

.0127

Exp by Behavior

1

42

0.75

.3902

.0003

Congruent by Similarity

1

42

0.12

.7261

.0001

Congruent by AOI

1

42

0.11

.7472

.0001

Similarity by AOI

1

42

0.57

.4544

.0002

Congruent by Behavior

1

42

0.51

.4796

.0002

Similarity by Behavior

1

42

0.32

.5762

.0001

AOI by Behavior

1

42

2.18

.1469

.0012

Exp by Congruent by Similarity

1

42

0.07

.7988

<.0001

Exp by Congruent by AOI

1

42

0.77

.3857

.0005

Exp by Similarity by AOI

1

42

5.48

.0240

.0023

Effect
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Exp by Congruent by Behavior

1

42

0.61

.4409

.0003

Exp by Similarity by Behavior

1

42

0.48

.4931

.0002

Exp by AOI by Behavior

1

42

1.82

.1842

.0010

Congruent by Similarity by AOI

1

42

3.83

.0569

.0020

Congruent by Similarity by Behavior

1

42

1.10

.2995

.0005

Congruent by AOI by Behavior

1

42

0.04

.8356

<.0001

Similarity by AOI by Behavior

1

42

0.93

.3415

.0006

Exp by Congruent by Similarity by AOI

1

42

0.11

.7412

.0001

Exp by Congruent by Similarity by Behavior

1

42

1.01

.3200

.0005

Exp by Congruent by AOI by Behavior

1

42

1.82

.1848

.0009

Exp by Similarity by AOI by Behavior

1

42

0.52

.4738

.0003

Congruent by Similarity by AOI by Behavior

1

42

0.36

.5517

.0002

Exp by Congruent by Sim by AOI by Behavior

1

42

0.04

.8352

<.0001

Summary of ANOVA on average fixation count during the test phase for Lure stimuli only. We
once again see a main effect of the area of interest with the foreground item receiving more
fixations.
Note. Bolded values are p<.05.
Post-hoc analysis of the three-way interaction revealed a higher averaged fixation count
for object than background, consistent with all other analyses (see Table 10 and Figure 7). Also,
we found a significant difference between the average fixation count on the object depending on
experiment for high similarity lures. In sum, these data suggest participants were indeed
following their instructions to attend the foreground object and did so equally across experiments
and Lure similarity. We note that participants had a larger number of fixations in Experiment 1
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on highly similar trials than on the same trials in Experiment 2 (Figure 7). As Experiment 1 test
trials had a background, and Experiment 2 did not, it is possible this increased number of
fixations was the result of attempting to overcome background interference.
Table 10
Lure Fixation Count Interaction Post-Hoc Statistics
Comparison

t

df

p

High Sim

Background vs Foreground

-8.56

21

<.0001

Low Sim

Background vs Foreground

-8.46

21

<.0001

High Sim

Background vs Foreground

-7.38

22

<.0001

Low Sim

Background vs Foreground

-8.59

22

<.0001

Background

High Sim vs Low Sim

0.55

21

.5850

Foreground

High Sim vs Low Sim

1.87

21

.0750

Background

High Sim vs Low Sim

1.17

22

.2543

Foreground

High Sim vs Low Sim

-0.51

22

.6121

Background

Experiment 1 vs Experiment 2

-0.4

42.94

.6926

Foreground

Experiment 1 vs Experiment 2

2.03

42.9

.0483

Background

Experiment 1 vs Experiment 2

-0.3

42.98

.7627

Foreground

Experiment 1 vs Experiment 2

1.14

42.58

.2593

Exp 1

Exp 2

Exp 1

Exp 2

High Sim

Low Sim
Post-hoc analyses on the experiment, similarity, and AOI interaction for average fixation counts.
We see the AOI seems to be driving the significance the most, though we do see a significant
difference between Experiment 1 and Experiment 2 foreground fixation counts for the high
similarity pairs.
Note. Bolded values are p<.05.
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Figure 7
Lure Fixation Count Interaction Bar Plot

A visual representation of Table 10. We see a difference in the average foreground fixation
counts between Experiment 1 and 2 but only for high similarity pairs. The average foreground
fixation count was always larger than the average background fixation count.
Generalized Additive Model
GAM for Target
To test Hypothesis 1.2, we performed a binomial GAM on targets with subjects and the
image visual clutter scores as random effects; experiment and congruency as main effects, and
both foreground and background fixations that occurred during the encoding period as a
smoothing spline split by both experiment and interaction of congruency and stimulus type.
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Table 11
Target GAM Statistics
Parametric Coefficients

Estimate

Std. Error

z

P

Intercept

0.92

0.11

8.48

<.0001

Experiment 2

-0.46

0.10

-4.79

<.0001

Incongruent

0.10

0.05

2.12

.0337

Est. df

Residual df

F

p

s(PForegroundFix) by Congruent

2.19

2.66

17.88

.0005

s(PForegroundFix) by Incongruent

1.00

1.00

18.84

<.0001

s(PBackgroundFix) by Congruent

0.00

0.00

0.00

.9952

s(PBackgroundFix) by Incongruent

1.00

1.00

0.19

.6621

s(PForegroundFix) by Experiment 1

0.00

0.00

0.00

.5000

s(PForegroundFix) by Experiment 2

1.00

1.00

4.57

.0327

s(PBackgroundFix) by Experiment 1

1.00

1.00

13.31

.0003

s(PBackgroundFix) by Experiment 2

1.00

1.00

4.14

.0418

Random Intercept by Subject

60.88

81.00

248.10

<.0001

Random Intercept by Visual Clutter

0.93

1.00

13.75

.0001

Smooth Terms

Summary of the GAM for Target stimuli only. The prefix “P” on the fixations indicates fixations
that occurred during the encoding phase of the experiment. We see significant main effects of
both the experiment and congruency on the log-odds of correctly identifying a Target.
Experiment 2 has a lower probability of success, while incongruent stimuli had a larger
probability of success.
Note. s() represents a penalized cubic spline basis. Bolded values indicate p<.05.
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As indicated by the parametric coefficients, a main effect of both experiment and
congruency type was detected when controlling for subject, visual clutter, and encoding
fixations. Consistent with the d analysis, Experiment 2 has a significantly lower probability of
success than Experiment 1, while incongruent stimuli have a higher probability of success than
congruent stimuli.
Investigating the significant interactions of the smooth terms, a significant effect of the
number of fixations on the foreground of stimuli presented during the encoding phase was
detected. For incongruent stimuli, there is a positive correlation of the number of fixations with
the probability of a success on targets. On the other hand, there is only a positive correlation of
fixations on success for congruent stimuli when the number of fixations is greater than about 5.
There is a significant difference in the probability of success between incongruent and congruent
stimuli when the number of fixations during the encoding phase is between 4.70 and 7.4 as seen
through the 95% confidence intervals produced by plot_diff in R (ver. 4.3; package itsadug;
Figure 8). Accordingly, we also reject Hypothesis 1.2 as incongruent stimuli still have a larger
probability of success.
Figure 8
Interaction of Congruency and Foreground Fixation on Log-Odds of a Hit
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This is a smooth spline of the significant item fixations and congruency interaction shown in
Table 11. Overall, the more fixations during the encoding period on the foreground item
correlates with a higher probability of correctly identifying a Target. There is a slight
incongruency boost associated with 5-8 fixations on the object.
Finally, an interaction of fixations between the two experiments was detected. For
Experiment 2 only, the more fixations on the object during the study phase linearly correlated
with a larger log-odd (see Figure 9, left panel). However, there is a positive linear correlation
between the number of fixations on the background for both experiments. Within this interaction,
we see larger log-odds for Experiment 1 than for Experiment 2 (Figure 9, right panel). Again,
this can be seen through the 95% confidence calculated by the plot_diff function.
Figure 9
Interaction of Experiment and Fixation on Log-Odds of a Hit
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Left, the smooth spline of the number of fixations on the foreground item predicting the log-odds
of correctly identifying a Target during Experiment 2. As the number of fixations during the
encoding period increases, so does the probability of success. Right, the smooth spline now of
the number of background fixations predicting the log-odds of success. Experiment 1 has a larger
log-odds of success than Experiment 2 for the same number of background fixations.
GAM for Lure
Next, we performed a similar GAM on Lures, with the addition of the similarity as a
main effect. All other aspects of the model remain the same. For the parametric effects, we have
a significant main effect of experiment and similarity, with Experiment 2 now having a larger
probability of success. Also, we see a higher probability of success in correctly identifying a less
similar lure as compared to a highly similar lure (Table 12).
Table 12
Lure GAM Statistics
Parametric Coefficients

Estimate

Std. Error

z

p

Intercept

1.2101

0.10

11.85

<.0001

Experiment 2

0.2547

0.11

2.29

.0221
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Congruency

0.0036

0.04

0.08

.9346

Similarity

-2.8670

0.10

-28.36

<.0001

Est. df

Residual df

F

p

s(PForegroundFix) by Congruent

0.00

0.00

0.00

.9932

s(PForegroundFix) by Incongruent

1.00

1.00

0.38

.5396

s(PBackgroundFix) by Congruent

1.00

1.00

5.70

.0170

s(PBackgroundFix) by Incongruent

1.00

1.00

4.48

.0342

s(PForegroundFix) by Exp 1

2.11

2.56

4.71

.2225

s(PForegroundFix) by Exp 2

1.00

1.00

0.71

.3989

s(PBackgroundFix) by Exp 1

1.00

1.00

7.07

.0078

s(PBackgroundFix) by Exp 2

1.67

2.02

7.29

.0274

Random Intercept by Subject

67.97

81.00

407.26

<.0001

Random Intercept by Visual Clutter

0.58

1.00

1.41

.1206

Smooth Terms

Summary of the GAM for Lure stimuli only. The prefix P on the fixations indicates fixations that
occurred during the encoding phase of the experiment. We see significant main effects of both
the experiment and similarity on the log-odds of correctly identifying a Lure. Experiment 2 has a
higher probability of success, while less similar stimuli had a larger probability of success.
Note. s() represents a penalized cubic spline basis. Bolded values indicate p<.05.
Smooth terms had a significant interaction on the preceding background fixations by
congruency. As seen in Figure 10, there is no difference between congruent and incongruent
stimuli, but there is a non-linear relationship between background fixations. Initially, more
fixations on the background were associated with a larger probability of success. However,
between about 3 and 6 fixations, there is a negative association.
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Figure 10
Interaction of Congruency and Background Fixation on Log-Odds of a LureCR

This is a smooth spline of the significant item fixations and congruency interaction shown in
Table 12. Overall, the more fixations during the encoding period on the background correlates
with a higher probability of correctly identifying a Lure. There is no significant difference
between congruent and incongruent stimuli.
For the last interaction, the interaction between the number of fixations on the
background during encoding was negatively correlated with the probability of correctly
identifying a Lure for Experiment 1 only. Interestingly, Experiment 2 had the opposite result:
phase a lure was more likely to be correctly identified for Experiment 2 when a stimulus had
more than 8 fixations on the background during the encoding (see Figure 11).
Figure 11
Interaction of Experiment and Background Fixation on Log-Odds of a LureCR
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For Experiment 1, more fixations on the background negatively correlates with the log-odds of
correctly identifying a Lure. Conversely, more fixations on the background for Experiment 2 led
to a higher probability of success.
Functional MRI Analysis
Encoding Phase
We posited two hypotheses about the encoding phase of the experiment, namely that we
expected to see more DG/CA3 and CA1 activity during the encoding of incongruent versus
congruent stimuli (Hypothesis 3.1) and that less activity in these regions during the encoding
phase would precede successful Target and Lure detection (Hypothesis 3.2). To test these
hypotheses, we anatomically defined subregions of the hippocampus and performed a repeatedmeasures ANOVA on the mean parameter estimates () during the encoding phase of the
experiments with congruency, subsequent behaviors, and hippocampal subregions as the withinsubject factors. The model showed a main effect of congruency, subsequent behavior, and ROI,
as well as an interaction of congruency and region, and behavior and ROI on fMRI activation
data (Table 13).
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Table 13
Encoding BOLD Activation ANOVA Statistics
Dfn

Dfd

F

p

𝜂𝐺2

Congruency

1

79

12.55

.0007

.0046

Behavior

3

237

3.81

.0107

.0049

Subregion

3

237

54.15

<.0001

.1644

Congruency by Behavior

3

237

1.50

.2151

.0019

Congruency by Subregion

3

237

2.68

.0477

.0012

Behavior by Subregion

9

711

2.01

.0361

.0025

Congruency by Behavior by Subregion

9

711

0.88

.5392

.0009

Effect

Summary of the repeated-measures ANOVA on the mean BOLD signal during encoding phase.
All the main effects are significant, as are two two-way interactions, namely congruency by
hippocampal subregion and subsequent behavior by hippocampal subregions.
Note. Bolded values are p<.05.
Both the main effect of congruency and the interaction of congruency in the left
subregions showed more activation for congruent stimuli compared to incongruent stimuli. This
is in opposition to our hypothesis 3.1 (Table 14 and Figure 12).
Table 14
Encoding BOLD Activation Interaction Post-Hoc Statistics
Subregion

t

df

p

Left CA1

2.33

78

.0226

Left DG/CA3

3.80

78

.0003

Right CA1

1.71

78

.0913
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Right DG/CA3

1.54

78

.1279

Post-hoc analysis on the congruency by subregion interaction. The comparison of the BOLD
signal associated with congruent versus incongruent stimuli shows a difference for the left
hippocampus.
Note. Bolded values are p<.05.
Figure 12
Difference in BOLD Activation for Congruency by Hippocampal Subregion

For the left hippocampal subfields, there is more BOLD signal associated with congruent stimuli
than incongruent stimuli.
Note. Lines indicate p<.05.
For hypothesis 3.2, we then performed post-hoc t-tests on the interaction between
subsequent behaviors and subregions (see Table 15): only the left CA1 had larger activation for a
subsequent correct rejection compared to a hit, while the right CA1 had no difference between
behaviors at all. For the left DG/CA3, a subsequent correct rejection had significantly more
activation than both a hit and a miss. A subsequent hit also had more activation than a
subsequent miss. Finally, the right DG/CA3 showed more activation for a subsequent correct
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rejection than all other subsequent behaviors. In sum, a subsequent correct rejection and hit did
not have less activation than other behaviors, contradicting the hypothesis (see Figure 13).
Table 15
Encoding BOLD Activation Interaction Post-Hoc Statistics
Subregion

Behavior

t

df

p

CR vs FA

0.66 159

.5128

CR vs Hit

1.23 159

.2221

CR vs Miss

2.02 159

.0447

FA vs Hit

0.59 159

.5585

FA vs Miss

1.51 159

.1332

Hit vs Miss

1.25 159

.2142

CR vs FA

1.76 159

.0804

CR vs Hit

2.08 159

.0389

CR vs Miss

3.49 159

.0006

-0.16 159

.8712

FA vs Miss

1.6 159

.1113

Hit vs Miss

2.07 159

.0400

CR vs FA

0.31 159

.7595

CR vs Hit

0.69 159

.4927

Right

CR vs Miss

1.31 159

.1908

CA1

FA vs Hit

0.31 159

.7551

FA vs Miss

0.97 159

.3318

Hit vs Miss

0.85 159

.3946

Left CA1

Left
DG/CA3

FA vs Hit
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Right
DG/CA3

CR vs FA

2.57 159

.0111

CR vs Hit

3.17 159

.0018

CR vs Miss

2.03 159

.0444

FA vs Hit

-0.16 159

.8716

FA vs Miss

-0.34 159

.7379

Hit vs Miss

-0.21 159

.8348

Summary of the post-hoc t-tests on the interaction of hippocampal subregions and subsequent
behaviors during the encoding phase of the experiment. Generally, a subsequent Miss has less
activation than other subsequent behaviors.
Note. Bolded indicates p<.05
Figure 13
Hippocampal Subregion Activation Predicting Subsequent Behaviors

Average BOLD signal associated with subsequent behaviors by the hippocampal subregions. For
all but the right CA1, a subsequent Miss has less activation than a subsequent LureCR.
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Note. Lines indicate p<.05.
Retrieval Phase
For the retrieval phase, we had a set of four hypotheses: first, we predicted the CA1
would show more activity for participant-rated congruent versus incongruent trials, but we
hypothesized the DG/CA3 regions would have the opposite pattern of activity (Hypothesis 3.3).
Next, we hypothesized the DG/CA3 would be more active during correct decision on test trials
(Hits, LureCR) than the CA1 (Hypothesis 3.4). We also predicted an effect of background on test
trials, where Experiment 1 would be associated with stronger right hippocampal -estimates than
Experiment 2 (Hypothesis 3.5). Finally, we hypothesized congruent LureCR responses would
interact with background, being associated with more hippocampal activity in Experiment 1 than
2 (Hypothesis 3.6). To investigate the effects of behavior and congruency on the subregions
during retrieval, we again performed a repeated-measures ANOVA. We found main effects of
behavior and subregion with an interaction of these two factors (Table 16).
Table 16
Retrieval BOLD Activation ANOVA Statistics
Effect

Dfn

Dfd

F

p

𝜂𝐺2

Experiment

1

76

0.47

.4943

.0021

Congruency

1

76

0.03

.8557

<.0001

Behavior

3

228

20.75

<.0001

.0273

Subregion

3

228

2.88

.0369

.0081

Group by Congruency

1

76

1.01

.3173

.0003

Group by Behavior

3

228

0.84

.4740

.0011

Group by Subregion

3

228

0.70

.5520

.0020
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Congruency by Behavior

3

228

1.85

.1394

.0023

Congruency by Subregion

3

228

0.14

.9331

.0001

Behavior by Subregion

9

684

5.16

<.0001

.0066

Group by Con by Behavior

3

228

0.18

.9115

.0002

Group by Con by Subregion

3

228

1.15

.3312

.0005

Group by Beh by Subregion

9

684

0.37

.9512

.0005

Con by Beh by Subregion

9

684

1.75

.0751

.0022

Group by Con by Behavior by Subregion

9

684

0.36

.9537

.0005

Summary of the repeated-measures ANOVA on the BOLD signal during the retrieval phase.
There is a main effect of behavior and hippocampal subregions as well as an interaction of the
two.
Note. Bolded values are p<.05.
After a post-hoc t-test on the interaction of behavior and subregion, we found several
significant differences (see Table 17 and Figure 14). First, for the left CA1, we found LureCR
had less activation during retrieval than both a LureFA and a Hit. A LureFA and Hit, however,
were both significantly more activated than a Miss. Next, for both the left and right DG/CA3, all
behaviors were different from each except for a LureFA and a Hit. Finally, we found a LureCR
had less activation than a Hit and a LureFA and Hit had more activation than a Miss in the right
CA1.
Table 17
Retrieval BOLD Activation Interaction Post-Hoc Statistics
Subregion
Left CA1

Behavior
CR vs FA

t

df

-2.46

77

p
.0162
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CR vs Hit

-4.12

77

.0001

CR vs Miss

1.61

77

.1105

-1.47

77

.1444

FA vs Miss

3.74

77

.0003

Hit vs Miss

5.01

77

<.0001

CR vs FA

-3.27

77

.0016

CR vs Hit

-4.01

77

.0001

2.00

77

.0491

-0.92

77

.3601

FA vs Miss

5.02

77

<.0001

Hit vs Miss

5.66

77

<.0001

CR vs FA

-0.66

77

.5109

CR vs Hit

-3.19

77

.0021

Right

CR vs Miss

1.66

77

.1009

CA1

FA vs Hit

-1.95

77

.0543

FA vs Miss

2.14

77

.0359

Hit vs Miss

3.72

77

.0004

CR vs FA

-3.15

77

.0023

CR vs Hit

-5.4

77

<.0001

CR vs Miss

2.87

77

.0052

-1.92

77

.0586

FA vs Miss

5.17

77

<.0001

Hit vs Miss

6.20

77

<.0001

FA vs Hit

Left
DG/CA3

Right
DG/CA3

CR vs Miss
FA vs Hit

FA vs Hit
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Summary of the post-hoc t-tests on the interaction of subregions and behavior on the BOLD
signal during retrieval. For all hippocampal subregions, a Miss has significantly less activation
than a LureFA.
Note. Bolded values indicate p<.05.
Figure 14
Hippocampal Subregion Activation for Behaviors

The BOLD signal associated with each hippocampal subregion and the test behaviors.
Note. A line indicates p<.05.
Next, we performed post-hoc t-tests on the interaction of congruency, subregions, and
behavior to test the final hypotheses. As this interaction was not significant in the repeatedmeasures ANOVA, we used a false positive detection rate correction (Benjamini & Hochberg,
1995). We did not find any significant differences between congruencies when subsetting by
behaviors and subregion, contradicting hypothesis 3.3 (see Table 18).
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Table 18
Retrieval BOLD Activation Interaction Post-Hoc Statistics
Behavior

Correct
Rejection

Subregion

t

df

p

Left CA1

-0.91

77

.4544

Left DG/CA3

-2.36

77

.0532

Right CA1

-0.90

77

.4544

Right DG/CA3

0.71

77

.5619

Left CA1

1.41

77

.2582

Left DG/CA3

1.35

77

.2807

Right CA1

2.33

77

.0536

Right DG/CA3

-0.18

77

.8704

Left CA1

-1.02

77

.4287

Left DG/CA3

-1.18

77

.3605

Right CA1

-1.01

77

.4287

Right DG/CA3

-1.28

77

.3141

Left CA1

0.65

77

.5891

Left DG/CA3

1.04

77

.4287

-0.92

77

.4544

0.40

77

.7265

False Alarm

Hit

Miss
Right CA1
Right DG/CA3

Post-hoc t-tests between congruencies within each behavior for each hippocampal subregion. P
values have been corrected by the FDR method.
We also did not find a significant interaction of correctly identified congruent trials and
subregions, in opposition to our hypothesis 3.4 (Table 19). However, we did find a difference
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between the left CA1 and right DG/CA3 for a congruent miss as well as between the left and
right DG/CA3 for a congruent false alarm (Table 20; Figures 15 and 16).
Table 19
Retrieval BOLD Activation for Congruent Correct Response T Test Statistics
Behavior

Subregion

t

df

p

Left CA1 vs DG/CA3

0.53

77

.6760

Right CA1 vs DG/CA3

0.86

77

.4874

Left CA1 vs DG/CA3

-1.98

77

.1018

Right CA1 vs DG/CA3

-0.45

77

.6949

LureCR

Hit
Post-hoc t-tests between hippocampal subregions for congruent LureCR and congruent Hits. P
values have been corrected by the FDR method.
Table 20
Retrieval BOLD Activation for Congruency, Subregions, and Behavior T Test Statistics
Congruent
Subregion
Left CA1

Behavior

t

df

CR vs FA

-2.34

77

CR vs Hit

-2.73

CR vs Miss

Incongruent
p

t

df

p

.0536

-0.46

77

.6948

77

.0281

-2.5

77

.0419

0.59

77

.6219

2.26

77

.0585

FA vs Hit

0.45

77

.6948

-2.09

77

.0798

FA vs Miss

2.99

77

.0162

2.3

77

.0546

Hit vs Miss

2.36

77

.0532

4.31

77

<.0001

Left

CR vs FA

-3.68

77

.0037

-0.5

77

.6831

DG/CA3

CR vs Hit

-3.3

77

.0087

-2.4

77

.0518
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CR vs Miss

-0.04

77

.9695

3.46

77

.0072

0.94

77

.4544

-1.77

77

.1485

FA vs Miss

3.3

77

.0087

3.35

77

.0087

Hit vs Miss

2.85

77

.0224

4.88

77

<.0001

CR vs FA

-2.25

77

.0585

1.16

77

.3632

CR vs Hit

-1.75

77

.1506

-1.73

77

.1517

CR vs Miss

1.48

77

.2361

1.51

77

.2292

FA vs Hit

0.79

77

.5118

-3

77

.0162

FA vs Miss

3.11

77

.0139

0.29

77

.7938

Hit vs Miss

2.54

77

.0419

2.74

77

.0281

FA vs Hit

Right CA1

Right

CR vs FA

-0.96

77

.4536

-1.94

77

.1065

DG/CA3

CR vs Hit

-2.18

77

.0669

-4.29

77

.0013

2.52

77

.0419

2.58

77

.0401

-0.86

77

.4760

-2.01

77

.0935

FA vs Miss

3.05

77

.0158

3.78

77

.0032

Hit vs Miss

4.33

77

<.0001

5.6

77

<.0001

CR vs Miss
FA vs Hit

Post-hoc t-tests between all behaviors within hippocampal subregions for both congruent and
incongruent stimuli. P values have been corrected by the FDR method.
Note. Bolded values indicate p<.05.
Figure 15
Retrieval BOLD Activation for Hippocampal Subregions and Congruent Behaviors
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The BOLD signal associated with each hippocampal subregion and the test behaviors for
congruent stimuli only. We see a pattern of activation often associated with a recognition
detector.
Note. Lines indicate p<.05.

53
Figure 16
Retrieval BOLD Activation for Hippocampal Subregions and Incongruent Behaviors

The BOLD signal associated with each hippocampal subregion and the test behaviors for
incongruent stimuli only. We see a pattern of activation different from what we saw for
congruent stimuli.
Note. Lines indicate p<.05.
For the final two hypotheses, we performed another FDR corrected post-hoc t-test on the
interaction between subregions, experiment, and specific behavior. There were no significant
differences when testing hypotheses 3.5 and 3.6.
Table 21
Retrieval BOLD Activation for Congruency, Subregions, and Experiments T Test Statistics
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Behavior

t

df

p

Left CA1

1.61 300.79

.1081

Left DG/CA3

0.28 297.01

.7818

Right CA1

0.48 306.58

.6328

Right DG/CA3

1.66 270.18

.0984

Left CA1

0.49

74.52

.6283

Left DG/CA3

-0.02

66.71

.9829

Right CA1

-0.07

63.89

.9448

1.17

54.56

.2464

Exp 1 vs Exp 2

Exp 1 vs Exp 2 for congruent
LureCR

Right DG/CA3

Post-hoc t-tests between experiments within hippocampal subregions and further subsetted by
congruent LureCR. P values have been corrected by the FDR method.
DISCUSSION
The two experiments presented here investigated the effect of schematic congruency on
mnemonic discrimination during encoding and retrieval, specifically at the hippocampal
subregion level. For the encoding phase of both experiments, stimuli composed of a background
and foreground item that were either schematically congruent or incongruent were presented to
each participant, who was tasked with determining the congruency of each item-background pair.
Next, during the retrieval phase, participants were presented with either the same object as before
(Target) or an object that was similar (Lure) and asked to classify which stimuli was which.
Before the encoding phase, participants were explicitly instructed to attend to the foreground
item as there would be a subsequent memory task later for the foreground. The two experiments
were largely identical save for the test phase, where Experiment 1 included the same background
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as initially presented while Experiment 2 only presented the foreground image on a white
background.
There were several findings for the two experiments, across behavioral responses, eye
fixations, and BOLD signals. First, we found behavioral evidence for a schematic incongruency
effect, but only when the task was relatively easy; that is, we only saw an incongruency effect
when there was a background during the retrieval phase as in Experiment 1 and when the
similarity between target-lure pairs was low (Figure 5). Specifically, d-prime scores were higher
in Experiment 1 for incongruent low-similarity Lures than for congruent, an effect not detected
in Experiment 2. As both experiments had background during the encoding phase, these data
suggest the differential effect occurs during test, where Experiment 1 continues to have a
background, but Experiment 2 does not. One interpretation of Figure 5 is that a congruent
background contributes interference thereby resulting in a suppressed d-prime score relative to
an incongruent background. This is not likely the case, however, as both congruent and
incongruent Experiment 2 d-primes were equal to those of Experiment 1 congruent. An
alternative interpretation, then, is the incongruency of the item-background pair resulted in
increased attention to the foreground item resulting in stronger memory performance. It may also
be possible that the background information may have served as a partial cue to help reinstate the
original memory trace, aiding recall-to-reject processes of a better attended test stimulus with a
better retrieved memory trace (Stark et al., 2019). Experiment 2, then, would not have benefited
from this incongruent background effect, and this is illustrated by equal performance in both
congruent types.
Second, we found evidence of an interaction between eye fixation count and congruency,
where foreground incongruent had a higher average of fixations counts than congruent, while
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fixation counts for the backgrounds were equal (Figure 6, right panel). During encoding,
incongruent stimuli had more fixations than congruent both as a whole and for the foreground
area of interest, consistent with previous work and providing evidence that participants followed
our instructions to attend to the foreground it (Damiano & Walther, 2019; Kafkas & Montaldi,
2014; Molitor et al., 2014). We believe this is indicative of incongruent stimuli capturing more
attention at encoding, particularly for the object of interest, leading to the incongruency boost
observed in the behavioral discrimination results.
Third, we detected an effect of congruency for successful Target detection. When we
controlled for eye fixations that occurred during encoding as a proxy for attention, we found
incongruent Target pairs still had a higher probability of being successfully identified during
retrieval (Hit). We further found there was a slight incongruency boost for a subsequent Hit
depending on the amount of encoding foreground fixations (Figure 10). Here, incongruent logodds of subsequent Hits increased linearly while, interestingly, congruent log-odds increase
exponentially. One possible interpretation is that incongruency focuses attention to the
foreground item on trials with lower fixation accounts, thereby having a positive effect on
subsequent memory performance. This effect is limited though, as we see a reversal such that
congruent stimuli are benefitted when there are a larger number of fixations. That is, if a
participant is only briefly paying attention, the initial incongruent effect focuses attention on the
areas that will matter more. Accordingly, it is possible the early incongruent boost followed by a
late congruent advantage is a function of background interference. With incongruent stimuli, the
discrepant background may first guide attention to the foreground object but subsequently impair
memory formation. Conversely, the congruent background may actually serve as extra
information to form a stronger memory trace for the foreground object. This would explain the
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differing log-odds slopes of Figure 11, where a larger number of fixations disproportionately
benefits congruent over incongruent pairs. Also, as a brief aside, we see interference when there
are too few fixations during encoding for both targets and lures and for both congruent and
incongruent stimuli. We took this as an indication of poor calibration either due to the machine
or the participant.
Fourth, between the two experiments, we found participants in Experiment 1 had a higher
probability of successfully identifying a Target than those in Experiment 2 when controlling for
eye fixations occurring during encoding. Having context during retrieval, therefore, improves
mnemonic recognition as explained by the “generate-and-recognize” theory. Indeed, it is
possible that following encoding, item-context unitization may occur such that foreground and
background are combined into one single memory cue. The consequence of this would be seen at
test in Experiment 1, where both the background and foreground would effectively serve as cues
for retrieval of the original memory trace, whereas in Experiment 2 the removal of the
background effectively results in an impoverished cue. This may be what is driving the effect of
Figure 8, where only Experiment 2 was benefitted by an increased number of foreground
fixations; as the background is stripped in Experiment 2, thereby removing information that
could potentially serve as a cue, increased attention to, and encoding of, the foreground is
predictive of subsequent Target detection. Conversely, with Experiment 1, attention anywhere in
the stimulus, whether foreground or background, would encode relevant information that would
again be presented during test trials. This interpretation is supported by Figure 9, where
background fixations disproportionately benefits Target detection in Experiment 1 compared to
Experiment 2. Participants in Experiment 1 may be cued by background during the retrieval
phase; as such, removing the background in effect leads to an impoverished memory trace.
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Further, according to the binding-in-context theory, unitization of the stimulus is beneficial for
memory; therefore, with part of the memory removed, we have poorer behavior and recall during
Experiment 2 (Eichenbaum, 2017). After all, the more complete the memory trace, the more
information to serve as a cue allowing for an easier reactivation of the original memory trace.
The more a participant attends to the background the more likely they are to say old; that is, due
to the contextual interference, participants appear to be biased towards pattern completion
instead of pattern separation.
On the other hand, removal of the background improves the probability of correctly
identifying a Lure, demonstrated by Experiment 2 having a higher probability of correctly
identifying a Lure than Experiment 1 (Table 12). Further, we see an interesting divergence
between experiments for the effect the preceding number of background fixations has on logodds of classifying a Lure. For Experiment 1, the more background fixations a participant has
during encoding, the less likely they are to correctly identify a Lure, whereas the opposite effect
was detected in Experiment 2 (Figure 11). With respect to Experiment 1, a larger number of
background fixations was associated with an increased likelihood to respond “Old” during test.
One interpretation of this is that an increased number of background fixations resulted in a weak
memory trace of the foreground object, and that at test, when the Lure is presented superimposed
over the old background, participants had significant interference from the background
information stored in memory. Correspondingly, while the same weak object trace may have also
resulted in Experiment 2 due to increased background fixations, the removal of the background
had a beneficial effect for test trials. Figure 11 demonstrated an increased log-odds probability of
Lure detection as a function of increased attention to the background during encoding; it is
possible during Experiment 2 test conditions either no interfering background information was
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supplied, or the participants were effectively presented with a new stimulus (as they had fixated
more on background than foreground) and as such were more likely to not respond “Old”.
For the fMRI results, we first found an effect of congruency during encoding (Figure 12).
In the left hippocampus, congruent stimuli were associated with a larger BOLD signal. This left
lateralization is consistent with the structure of the MST; previous research into the MST shows
the task is language-dependent (Doxey & Kirwan, 2015; Motley & Kirwan, 2012; Stark et al.,
2019). For the congruency effect, we believe this is evidence of more efficient encoding in the
hippocampal subregions, where, with a congruent stimulus, it is easier to integrate the item and
background into existing schemas (Dudai et al., 2015; Heikkilä et al., 2017; Packard et al., 2017;
Xie et al., 2017). However, the congruency effect seems to contradict part of the SLIMM theory
(Greve et al., 2019; van Kesteren et al., 2012). The SLIMM theory predicts less hippocampal
activity during encoding for stimuli more congruent with an existing schema. This contradiction
may be due to differing definitions of congruency, as the SLIMM theory defines congruency
more in terms of prediction error. Here our experiments begin with completely novel stimuli
(albeit congruent or incongruent with a background) with no prediction signals and thus no
prediction error. Alternatively, it is important to note that the SLIMM theory only has predictions
on fMRI results; no fMRI experiments to date have been conducted to officially test the SLIMM
theory. Currently, the predictions of the SLIMM theory have not been tested with real-world
schematic congruency, only congruency in terms of lab-induced rules. Instead, our familiarity
effect at encoding in the hippocampus may be due to the integration of prior schemas, increasing
the BOLD activation for the congruent stimuli.
We further found the bilateral DG/CA3 regions of the hippocampus were differentially
engaged in encoding when coded for subsequent behavioral discrimination during retrieval
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(Figure 13). Specifically, the DG/CA3 regions were more active preceding the correct detection
of a Lure than either an incorrect Lure response or any Target response. Additionally, the left
hippocampal subfields also demonstrated increased activation for subsequent Hits versus
subsequent Misses. These results replicate results in previous work, where the hippocampus
shows more activation during encoding for subsequent stronger memories (Kirwan et al., 2008;
Song et al., 2011).
During retrieval for the fMRI results, we found differential activity for behaviors in the
hippocampal subregions, and interestingly these results differ from traditional signal detected in
traditional mnemonic discrimination research (Figure 14). Instead of a novelty or pattern
separation signal, our data are more consistent with a recognition signal, with greater
hippocampal activity for participants’ “old” judgements relative to “similar” (Bakker et al., 2008;
Kirwan & Stark, 2007; Nash et al., 2021). In other words, throughout the ROIs, we see a
consistent correct recognition signal (i.e., Hits > Misses), instead of seeing the expected lure
discrimination (i.e., LureCR > LureFA). This follows from some of the previous results, again
supporting the “generate-and-recognize” model. As these results are quite discrepant with
previous work, it is possible that this is an effect of instruction, where instructing participants to
judge whether an item was identical, or only similar, to a previously encountered stimulus may
emphasize a recognition signal for lure stimuli, as activation for both correct rejection and false
alarms to the lure stimuli was higher than activation for misses in hippocampal subregions.
Even more interestingly was the interaction of congruency and behavior within the
hippocampal subfields, where we see evidence of difference mnemonic processing at the neural
level that is not seen at the behavioral level (Figures 15 and 16). We only see the expected
differentiation between CR and FA in the left DG/CA3 and only for congruent stimuli. That is, it
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was only in the left DG/CA3 where a congruent correct rejection had less activation than both a
congruent false alarm and hit. Further for congruent stimuli, the right DG/CA3 had unexpectedly
comparable differential activity to the CA1 regions. In other words, congruent lure activity was
more consistent with congruent target activity. Schematic interference seems to bias subregions
towards generalization, regardless of the change in the object. This is supported by findings from
Dimsdale-Zucker and colleagues, where the CA1 showed similar patterns when remembering
items in the same context compared to remembering items in a different context (DimsdaleZucker et al., 2018). Further, the binding of item in context theory places the act of binding in the
CA1, perhaps a reason for the different patterns between congruencies for the right CA1.
Even allowing for subject-defined congruency, we did not see a behavioral advantage of
congruency unlike previous experiments (Lew & Howe, 2017; van Kesteren et al., 2013). Such a
deviation from the existing literature may be due to the design of the MST, as we are not solely
testing recognition memory. The MST relies on the proper encoding of the important details of
the object, which would be impaired for congruent stimuli due to the unitization of the congruent
stimuli. That is, the congruent stimuli may be being treated as a composite item, with a diffusion
of attention to all the details whereas participants may be able to focus on the object if the
background is incongruent.
Some of the results differed from the literature on the schematic influence on memory
and on pattern separation. We believe this is in part due to the design of the MST as well as the
stimuli used. A modified recognition task, the MST was designed specifically to tax
hippocampal function. Due to its difficult nature, the impact of schemas may be lessened.
Additionally, we allowed for each participant to determine which stimuli were congruent with
their individual schemas. The categorization was binary, not allowing for a neutral category. This
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might have diluted the effect of schemas on memory, instead of enhancing the theorized ushaped curve between the two (Greve, 2019). Finally, our modified MST, while more
ecologically valid, perhaps emphasized recognition memory more than we expected.
As with all experiments, there are limitations to these experiments. First and foremost,
the sample size, while initially robust, quickly shrank due to poor data, most likely due to the
length of the task and movement in the scanner. Furthermore, we believe the eye-tracking data
were not precise enough as we did not find an effect of experiment during retrieval for average
eye fixations. This could have been due to poor calibration or due to the eye tracker being
located outside the scanner. As such, we were unable to control for or investigate which details
are relevant to a schema or which detail changed between lure pairs, nor which details subjects
were attending (Greve et al., 2019; Rollins et al., 2019; Stark et al., 2019).
In summary, we presented participants with stimuli consisting of an object and either a
congruent or incongruent background. They were tasked with identifying which stimuli were
consistent to them and later with discriminating old and similar objects. We found participants
were able to discriminate between incongruent stimuli better when the task was easier,
demonstrating a schematic interference. Further, we demonstrated that congruent stimuli,
regardless of whether the object was repeated or similar, was associated with repetition
suppression as seen through BOLD activity in the hippocampal subregions.
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